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a b s t r a c t
Species-speciﬁc symmetry-breaking events at the left–right organizer (LRO) drive an evolutionarily-
conserved cascade of gene expression in the lateral plate mesoderm that is required for the asymmetric
positioning of organs within the body cavity. The mechanisms underlying the transfer of the left and
right laterality information from the LRO to the lateral plate mesoderm are poorly understood. Here, we
investigate the role of Claudin-10, a tight junction protein, in facilitating the transfer of left–right identity
from the LRO to the lateral plate mesoderm. Claudin-10 is asymmetrically expressed on the right side of
the chick LRO, Hensen’s node. Gain- and loss-of-function studies demonstrated that right-sided
expression of Claudin-10 is essential for normal rightward heart tube looping, the ﬁrst morphological
asymmetry during organogenesis. Manipulation of Claudin-10 expression did not perturb asymmetric
gene expression at Hensen’s node, but did disrupt asymmetric gene expression in the lateral plate
mesoderm. Bilateral expression of Claudin-10 at Hensen’s node prevented expression of Nodal, Lefty-2
and Pitx2c in the left lateral plate mesoderm, while morpholino knockdown of Claudin-10 inhibited
expression of Snail1 in the right lateral plate mesoderm. We also determined that amino acids that are
predicted to affect ion selectivity and protein interactions that bridge Claudin-10 to the actin
cytoskeleton were essential for its left–right patterning function. Collectively, our data demonstrate a
novel role for Claudin-10 during the transmission of laterality information from Hensen’s node to both
the left and right sides of the embryo and demonstrate that tight junctions have a critical role during the
relay of left–right patterning cues from Hensen’s node to the lateral plate mesoderm.
& 2015 Published by Elsevier Inc.
Introduction
In vertebrates, organs are positioned asymmetrically within the
body cavity. This allows for efﬁcient packaging of organs and their
associated vasculature in a limited space and is required for
normal organ physiology. The molecular cascade that patterns
the left–right axis initiates at gastrulation. Although the events
that initiate symmetry breakage at the left–right organizer (LRO)
are species-speciﬁc, they lead to an evolutionarily-conserved
cascade of asymmetric gene expression in the lateral plate meso-
derm. The mechanisms that drive the transmission of laterality
cues from the site of symmetry breaking to the lateral plate
mesoderm are not well understood. Recent work in the mouse
has pointed to a role for the endoderm in the relay of these signals
(Saund et al., 2012; Viotti et al., 2012), but a similar mechanism has
yet to be identiﬁed in the chick.
In the chick, several mechanisms are required to break sym-
metry at Hensen’s node, including the left-sided ﬂux of intracel-
lular and extracellular calcium ions (Raya et al., 2004; Garic-
Stankovic et al., 2008), the leftward movement of cells at Hensen’s
node (Cui et al., 2009; Gros et al., 2009), membrane depolarization
along the primitive streak via ion pumps (Levin and Mercola, 1998;
Aw et al., 2008; Aw et al., 2010), and movement of small
molecules, such as the neurotransmitter serotonin, through gap
junctions (Fukumoto et al., 2005a, 2005b; Adams et al., 2006).
These events culminate in the restriction of Shh expression to the
left side of Hensen’s node at HH4þ due to inhibition of its
expression on the right side by BMP signalling. SHH signalling
then induces Nodal expression in the left perinodal region, and
subsequently in the left lateral plate mesoderm. Lateral plate
mesoderm expression of Nodal is modulated by different levels
of BMP signalling via the Cerberus/Dan family of BMP antagonists
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and SMAD effectors (Katsu et al., 2012, 2013). Additionally, Nodal
expression is attenuated via a negative regulatory feedback loop
with Lefty1 in the midline and Lefty2 in left lateral plate meso-
derm (reviewed in Shen, 2007). Nodal signalling activates expres-
sion of the homeodomain transcription factor Pitx2c in the left
lateral plate mesoderm, which is subsequently expressed on the
left side of organs that are undergoing asymmetric morphogenesis
and/or positioning (reviewed in Nakamura and Hamada, 2012).
The Nodal-Pitx2c cassette is evolutionarily conserved in all verte-
brates, as well as in some invertebrates (Okumura et al., 2008;
Grande and Patel, 2009; Grande, 2010; Luo and Su, 2012;
Nakamura and Hamada, 2012). Asymmetric gene expression and
signalling is also important on the right side of Hensen’s node.
Early asymmetries in activin signalling induce right-sided BMP
signalling that represses Shh expression on the right and subse-
quently activates expression of FGF8 in the right perinodal region.
FGF8 in turn induces expression of Snail1 (cSnR1) in the right
lateral plate mesoderm (Boettger et al., 1999). Negative reciprocal
interactions between signalling molecules and the midline barrier
compartmentalize the signalling cascades to the left and right
sides of the embryo.
Tight junctions function apically within the plasma membrane
where they regulate the movement of ions and small molecules
through the paracellular space, contribute to polarity by restricting
mixing of the apical and basolateral membrane components, and
play a role in cell–cell adhesion (reviewed in Gonzalez-Mariscal
et al., 2003; Gupta and Ryan, 2010; Steed et al., 2010). Claudins
oligomerize to form the strands of tight junctions and the speciﬁc
properties of the tight junction are determined by the subset of
claudin family members present. A role for claudins and tight
junctions in asymmetric morphogenesis appears to be conserved.
We previously showed in the chick that overexpression of the tight
junction protein Claudin-1 on the right side of Hensen’s node
randomizes the direction of heart-looping (Simard et al., 2006). In
Xenopus, overexpression of the claudin Xcla at the four-cell stage
randomizes organ situs (Brizuela et al., 2001), and alterations in
tight junction regulation downstream of the potassium ATP
channel (KATP channel) have been reported to disrupt left–right
patterning in both the chick and in Xenopus (Aw et al., 2010).
Furthermore, the C. elegans claudin superfamily member nsy-4
also has a role in generating left–right asymmetry in olfactory
neurons (Vanhoven et al., 2006).
The Claudin-1 knock-out mouse does not have left–right
patterning defects (Furuse et al. 2002), which led us to speculate
that the induction of leftward heart looping following overexpres-
sion of Claudin-1 on the right side could be due to its ability to
antagonize the function of another family member. Therefore, we
investigated if additional members of the claudin family of integral
tight junction proteins are required for normal left–right pattern-
ing in chick embryos. Our analysis of the expression patterns of 17
claudin family members in the chick embryo revealed that
Claudin-10 is asymmetrically expressed on the right side of
Hensen’s node (Collins et al., 2013). Here, we report that alteration
of the Claudin-10 asymmetric expression pattern disrupted
Fig. 1. Claudin-10 is asymmetrically expressed on the right side of Hensen's node. (A–D) Whole-mount in situ hybridization was used to analyse Claudin-10 expression. Claudin-
10 mRNA is faintly detected at HH4 (A) and becomes asymmetrically expressed on the right side of Hensen's node by HH4þ until HH7 (B–D). Higher magniﬁcations of
Hensen's node are shown in the inset (outlined by dashed line). (E–H) Dorsal views of a HH5 embryo subjected to whole-mount immunohistochemistry. Claudin-10 (green;
E) is localized to the right side of Hensen's node (n) where it colocalizes with ZO-1 (red; F). DAPI (blue) was used to stain the nuclei (G). (I–K) Immunohistochemistry
showing Claudin-10 and ZO-1 expression in sections from a HH5 embryo. Higher magniﬁcations of endodermal cells are shown in the inset (outlined by white dashed box
and line). All embryos are shown as dorsal views. Abbreviations: ec, ectoderm; me, mesoderm; en, endoderm. Scale bar in I represents 100 mm.
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expression of asymmetrically expressed genes in the midline and
lateral plate mesoderm, and randomized the direction of heart-
looping, the earliest morphological asymmetry in the embryo.
Using a mutagenesis approach, we identiﬁed critical amino acids
in two functional domains that are required for Claudin-10 to
function in left–right patterning: D73, located in the ﬁrst extra-
cellular loop, which determines ion selectivity of the tight junc-
tion, and S218 and the PDZ-binding domain in the cytoplasmic tail,
which participates in protein interactions that link the apical tight
junction to the actin cytoskeleton. Finally, we assessed cell polarity
in Claudin-10 morphant embryos and observed that actin organi-
zation and apical-basal polarity was unaffected. This is the ﬁrst
report of a role for Claudin-10 in asymmetric morphogenesis and
suggests a novel function for tight junctions in the relay of
laterality cues from Hensen’s node to the lateral plate mesoderm.
Results
Claudin-10 is asymmetrically expressed at Hensen’s node
We previously investigated the expression patterns of 17 chick
claudin family members and found that Claudin-10 was asymme-
trically expressed on the right side of Hensen’s node at HH5
(Collins et al., 2013). Here, we extended this analysis to more
precisely deﬁne the duration and location of Claudin-10 expres-
sion. Whole-mount in situ hybridization revealed that Claudin-10
was present at Hensen’s node at HH4, and its expression became
strongly asymmetric on the right side of the node from HH4þ to
HH7 (Fig. 1A–D). Expression was dramatically decreased at HH8.
Signiﬁcant levels of Claudin-10 expression were not observed
elsewhere in the embryo until the emergence of the pronephros
at HH18, as we previously reported (Collins et al., 2013). Immu-
nohistochemistry was performed on whole embryos and sections
to determine the cellular localization of Claudin-10 (Fig. 1E–K).
Confocal projections of the whole embryo revealed that Claudin-
10 protein was symmetrically localized at HH4 and then became
localized to a discrete region on the right side of the inner
curvature of Hensen’s node that corresponded to the Claudin-10
expression domain observed by in situ hybridization (Fig. 1E–H;
Supplemental Fig. 1). Claudin-10 expression extended posteriorly
from Hensen’s node along the right side of the anterior-most
region of the primitive streak (Fig. 1E and H). To conﬁrm that this
signal was not an artifact, we performed whole mount immuno-
histochemistry to analyse expression of another claudin family
member, Claudin-1, and the tight junction cytoplasmic adaptor
protein ZO-1. We have previously shown that Claudin-1 is
expressed uniformly in the ectoderm at early stages of chick
embryogenesis (Simard et al., 2006). Whole-mount immunoﬂuor-
escence showed that both Claudin-1 and ZO-1 were uniformly
expressed in the ectoderm on both the left and right sides of the
embryo. Claudin-1 expression was highest in the cells immediately
surrounding the node but again there were no apparent asymme-
tries in Claudin-1 expression (Fig. 1F, Supplemental Fig. 1). Analysis
of sections from HH5 embryos showed that Claudin-10 colocalized
with the tight junction marker ZO-1 in a punctate pattern at
the apical surface of the endoderm underlying Hensen’s node
(Fig. 1I–K). Claudin-10 mRNA and protein were never detected in
the lateral plate mesoderm nor in the developing heart tube.
Manipulating Claudin-10 expression randomizes the direction of
heart looping
Based on the spatial and temporal aspects of Claudin-10
expression, we hypothesized that asymmetric Claudin-10 is
required on the right side of Hensen’s node for patterning the
left–right axis of the developing embryo. We performed gain- and
loss-of-function experiments to generate bilateral and absent
Claudin-10 expression, respectively, and used the direction of
heart tube looping as a morphological read-out for the effects of
these manipulations on left–right patterning. To deﬁne the devel-
opmental window during which Claudin-10 exerts its effect on the
left–right patterning cascade, we performed these manipulations
between HH4 and HH7, when asymmetric expression of Claudin-
10 is observed. Embryos were collected at HH3, cultured until they
reached the appropriate stage, and then injected with retrovirus or
electroporated with a morpholino.
Bilateral Claudin-10 expression randomizes the direction of heart
tube looping
To generate bilateral expression of Claudin-10, we injected
control RCAS-GFP or RCAS-Claudin-10 retroviral particles on the
left side of Hensen’s node (Fig. 2A and B) at HH3-4. A signiﬁcant
increase in the incidence of abnormal leftward heart tube looping
was observed following Claudin-10 misexpression (30.6%, n¼59/
193, χ2¼20.85, po0.0001) versus injection of the GFP control
virus (10.6%, n¼17/161) (Fig. 2G). Retroviral misexpression of
Claudin-10 on the left side of Hensen’s node at HH5 also caused
an increase in abnormal leftward heart tube looping (23.9%; n¼17/
71) compared to the GFP control (14.3%, n¼3/21), although this
effect did not reach signiﬁcance (χ2¼0.89, p¼0.30). Injection of
Claudin-10 retroviral particles at HH6 or HH7 did not affect the
direction of heart tube looping (Fig. 2G).
To determine the effect of overexpressing Claudin-10 on the
right side of Hensen’s node where it is endogenously expressed,
we injected Claudin-10 virus or a GFP control virus at HH4. Neither
Claudin-10 nor GFP virus altered the direction of heart tube
looping when injected on the right side of the embryo (Fig. 2G)
when compared to the levels of leftward heart tube looping
observed previously by our group and others following ex ovo
culture of chick embryos (Katsu et al., 2012; Simard et al., 2006; Yu
et al., 2001). These data suggest that Claudin-10 must be asymme-
trically expressed on the right side of the embryo for correct left–
right patterning.
Claudin-10 knockdown randomizes the direction of heart tube
looping
To determine if Claudin-10 is essential for normal rightward
looping of the heart tube, we used a ﬂuorescein-tagged antisense
morpholino (MO) that targets the ATG start site of the Claudin-10
transcript to speciﬁcally knockdown endogenous Claudin-10
expression at Hensen’s node. Embryos were electroporated with
either the Claudin-10 MO or a 5 base pair mismatch control MO at
HH3-4. Immediately following electroporation, cells that had
incorporated the ﬂuorescein-tagged morpholinos were observed
surrounding Hensen’s node (Fig. 2C and C’). The embryos were
scored for the direction of heart tube looping 24 h after electro-
poration (Fig. 2D and E), at which time the majority of the
ﬂuorescein-positive cells were detected along the midline
(Fig. 2D’ and E’) and endogenous Claudin-10 protein was markedly
reduced (Fig. 2F). Greater than 90% of the electroporated embryos
exhibited normal development along the anterior–posterior axis
and had no gross morphological defects. The Claudin-10 mismatch
MO had no effect on the direction of heart tube looping; abnormal
leftward looped heart tubes were observed in less than 10% (n¼9/
96) of the embryos. In contrast, 50% of the embryos electroporated
with the Claudin-10 MO exhibited an abnormal leftward looped
heart tube (n¼58/117, χ2¼39.52, po0.0001) (Fig. 2H). These data
demonstrate that Claudin-10 is required for normal rightward
looping of the heart tube.
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Morpholinos electroporated at HH3-4 are predicted to block
Claudin-10 protein expression at Hensen’s node between stages
HH4 and HH8 due to the stability of the morpholino. To more
precisely map the temporal window of Claudin-10 function during
the establishment of left–right patterning, we electroporated
Claudin-10 morpholinos at later timepoints (Fig. 2H). Following
electroporation at HH5, Claudin-10 morphants showed a 36%
(n¼5/14) incidence of leftward heart tube looping as compared
to a 13% incidence in embryos injected with the mismatch control
MO (χ2¼2.64, p¼0.04). Electroporation at HH6 caused 50%
(n¼10/20) of Claudin-10 morphants to have abnormal leftward
looped heart tubes as compared to 17% of control embryos
(χ2¼5.59, p¼0.01). Finally at HH7, 38% (n¼9/24) of Claudin-10
morphant embryos had abnormal leftward heart tube looping as
compared to the 10% of control embryos (χ2¼4.4, p¼0.03)
(Fig. 2H).
Fig. 2. Asymmetric expression of Claudin-10 is required for normal heart tube morphogenesis. (A and B) Gain-of-function experiments were performed using retroviral particles
encoding Claudin-10 or GFP as a control. Embryos stained using an antisense RCAS env riboprobe show that RCAS-infected cells are found along the midline of the embryo.
Ventral views of embryos showing a normal rightwardly looped heart tube (A) and an abnormal leftwardly looped heart tube (B). (C–E) Loss-of-function experiments were
performed by electroporation of a ﬂuorescein-tagged morpholino (MO) against Claudin-10, using a mismatch MO as control. (C and C') Ventral view of a HH4 embryo
electroporated with Claudin-10 MO showing ﬂuorescein-positive cells at Hensen's node and along the primitive streak. (D) Ventral view of a HH12 embryo electroporated
with a mismatch control MO showing a normal rightward looping heart tube. (E) Ventral view of a HH12 embryo electroporated with a Claudin-10MO showing an abnormal
leftward looping heart tube. (D' and E') Electroporated cells are apparent along the midline of the embryo. (F) Western blot showing the relative levels of Claudin-10 protein
in a pool of HH12 embryos electroporated with either the Claudin-10 MO (10 MO) or mismatch control MO (MMMO), or uninjected controls (Ctl). The blot was stripped and
reprobed with an antibody against Claudin-1. (G) Heart tube looping scores for RCAS-GFP and RCAS-Claudin-10 injections on the right or left side of the embryo between
HH4 and HH7. Dark grey and blue bars indicate the number of abnormal leftward looped heart tubes for control and RCAS-Claudin10, respectively. Light grey bars indicate
the number of normal rightward looped heart tubes. (H) Heart tube looping scores for Claudin-10 and mismatch morphant embryos electroporated at the stages indicated.
Dark grey and green bars indicate the number of abnormal leftward looped heart tubes for control mismatch morpholino and Claudin-10 morphants, respectively. Light grey
bars indicate the number of normal rightward looped heart tubes. (I and J) Morpholino rescue experiment. (I) Schematic of Cldn10mutMO binding site of morpholino (shown
in red) and mutated nucleotides (shown in blue). (J) Heart tube looping scores for embryos electroporated with the indicated combination of morpholino and expression
vectors. EV indicates empty vector control. ns¼non-signiﬁcant, npo0.05, nnpo0.01, nnnpo0.001, nnnpo0.0001.
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To conﬁrm that these phenotypes were speciﬁc to knockdown
of Claudin-10, we performed rescue experiments by co-
electroporation of the morpholinos with either an empty expres-
sion vector or one that expressed a variant Claudin-10 transcript
(Cldn10mutMO) that could not be recognized by the Claudin-10
morpholino (Fig. 2I and J). Embryos electroporated with the
mismatch MO and empty vector (EV) had a background incidence
of leftward looped hearts tubes (12.5%; n¼2/16). In contrast, 35%
(n¼7/20) of embryos electroporated with the Claudin-10 mis-
match MO and pMES-Cldn10mutMO had leftward looped heart
tubes (Fig. 2H). This effect is similar to what we observed when
Claudin-10 was retrovirally misexpressed on the left side of the
embryo, supporting that the Cldn10mutMO transcript encodes a
fully functional Claudin-10 protein as predicted. Embryos electro-
porated with the Claudin-10 MO and empty vector had a 53%
(n¼9/17) incidence of leftward looping heart tubes, similar to the
incidence observed with Claudin-10 MO alone (Fig. 2J). This
phenotype was rescued by co-electroporation of the Claudin-10
MO with the pMES-Cldn10mutMO construct (18% leftward heart
looping; n¼3/16). The ability of the morpholino-insensitive Clau-
din-10 construct to rescue the laterality phenotype indicates that
the Claudin-10 MO is speciﬁcally targeting Claudin-10 transcripts.
Manipulation of Claudin-10 expression does not affect asymmetric
gene expression at Hensen’s node
Our gain- and loss-of-function experiments clearly demon-
strated that asymmetric expression of Claudin-10 the right side
of Hensen’s node is essential for the initiation of asymmetric heart
morphogenesis. To determine where Claudin-10 functions within
the cascade of left–right patterning cues, we investigated the
effects of manipulating Claudin-10 expression on the asymmetric
expression of left–right patterning genes. Following retroviral
injection or morpholino electroporation at HH3, embryos were
collected at HH5 to analyse Shh and Fgf8 expression on the left and
right sides of Hensen’s node, respectively, or at HH6-HH8 to
analyse expression of Nodal in the left perinodal region by
whole-mount in situ hybridization. Additionally, a subset of
embryos from each manipulated group was left until HH12 to
score the direction of heart tube looping.
Asymmetric expression of Shh on the left side of Hensen’s node
and Fgf8 on the right side immediately precede asymmetric expres-
sion of Claudin-10 on the right. In addition, our gain- and loss-of-
function experiments place Claudin-10 function temporally down-
stream of Shh and Fgf8 function in asymmetric morphogenesis.
Therefore, we predicted that their expression patterns would be
unchanged in our Claudin-10 manipulated embryos. Indeed, normal
expression of Fgf8 (n¼10) and Shh (n¼14) on the right and left sides
of Hensen’s node, respectively, were observed in gain-of-function
embryos that express bilateral Claudin-10 (Supplemental Fig. 2).
Expression patterns of Fgf8 (n¼9) and Shh (n¼10) were also
unaffected in the Claudin-10 morphant embryos (Supplemental
Fig. 2). In addition, all manipulated embryos exhibited normal left-
sided perinodal Nodal expression (Fig. 3A–C).
Left-sided Claudin-10 misexpression affects left-sided gene expression
Asymmetric gene expression in the midline and the lateral
plate mesoderm is evolutionarily conserved and occurs between
HH6 and HH12 in the chick embryos, temporally downstream of
when Claudin-10 appears to function in left–right patterning. To
determine if bilateral expression of Claudin-10 disrupted these
Fig. 3. Manipulation of Claudin-10 affects Nodal, Lefty1, Lefty2, Pitx2c, and Snail1 expression. Whole-mount in situ hybridization was used to examine gene expression patterns
in control and Claudin-10 manipulated embryos. Dorsal views of wildtype control embryos (WT) with normal expression patterns and representative Claudin-10 gain- (GOF)
and loss-of-function (LOF) embryos with disrupted gene expression patterns are shown. (A–C) Expression of Nodal. Panels B and C show embryos with normal left-sided
perinodal expression (black arrowhead) but absent expression in the left lateral plate mesoderm (dashed outline). (D–I) Expression of Lefty1 and Lefty2. Wildtype expression
of Lefty1 in the midline (black arrowhead) is shown in D, and Lefty2 in the lateral plate mesoderm (dashed outline) in G. Panels E and F show embryos that lack Lefty1
expression in the midline at HH6-7 (white arrowhead), and panels H and I show embryos with absent expression in both the midline (white arrowhead) and left lateral plate
mesoderm (dashed outline). (J–N) Expression of Pitx2c. Wildtype Pitx2c expression in the left lateral plate mesoderm (dashed outline) of control embryos is shown in panel J.
Panel K shows right-sided expression observed in morphant embryos. Examples of disrupted Pitx2c expression patterns in gain-of-function embryos are shown in panels L
(bilateral), M (absent), and N (right-sided). (O–R) Expression of Snail1. Wildtype expression of Snail1 is shown in the right lateral plate mesoderm (dashed outline) in panel O.
Examples of disrupted Snail1 expression observed in morphant embryos are shown in panels P (absent Snail1 expression), Q (reduced Snail1 expression), and R (bilateral
Snail1 expression).
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expression patterns, we injected HH3-4 embryos with Claudin-10
retroviral particles on the left side to generate bilateral Claudin-10
expression at Hensen's node. Embryos were collected at HH6-8 to
examine Nodal expression in the lateral plate mesoderm and
Lefty1 in the midline, or at stages HH8þ–HH10 to analyse expres-
sion of Lefty2, Pitx2c, and Snail1 in the lateral plate mesoderm. All
control embryos injected with the GFP retroviral particles exhib-
ited normal left-sided expression patterns for Lefty1, Nodal, Lefty2,
Pitx2c, and right-sided expression for Snail1 (Fig. 3, Table 1).
However, expression of the four genes that are asymmetrically
expressed on the left side of the embryo was disrupted in gain-of-
function embryos that express Claudin-10 bilaterally. Lefty1
expression in the midline was absent in 30% (n¼3/10) of manipu-
lated embryos (Fig. 3F), and approximately 40% of the embryos
exhibited absent Nodal (n¼4/10) and Lefty2 (n¼3/7) expression in
the left lateral plate mesoderm (Fig. 3C and I). Pitx2c expression
was randomized in 17% of the manipulated embryos (Fig. 3L–N).
As expected, asymmetric Snail1 expression in the right lateral
plate mesoderm was not affected when Claudin-10 was misex-
pressed on the left side of the embryo (data not shown). These
data are summarized in Table 1. These data suggest that endo-
genous Claudin-10 expression promotes right-sided patterns of
gene expression in the midline and lateral plate mesoderm by
preventing the expression of left-sided genes.
Claudin-10 knockdown disrupts gene expression in both the left and
right lateral plate mesoderm
To test our hypothesis that Claudin-10 expression is required
for right-sided gene expression in the lateral plate mesoderm, we
electroporated HH3-4 embryos with either the mismatch control
or Claudin-10 morpholino. Gene expression patterns were not
affected in embryos electroporated with the mismatch control
morpholino. In support of our hypothesis, Snail1 expression was
disrupted in 49% of the Claudin-10 morphant embryos: 32% had
reduced (n¼8/31) or absent (n¼2/31) Snail1 expression in the
right lateral plate mesoderm, and 16% of the embryos expressed
Snail1 bilaterally in the lateral plate mesoderm (n¼5/31) (Fig. 3P–
R). Surprisingly, genes expressed asymmetrically in the midline
and left lateral plate mesoderm were also aberrantly expressed in
the Claudin-10 morphant embryos. Expression of Lefty1 in the
midline was absent in 60% (n¼6/10) of the morphant embryos
(Fig. 3E). Nodal expression was absent in the left lateral plate
mesoderm of 29% (n¼4/14) (Fig. 3B) and Lefty2 expression was
absent in 56% (n¼5/9) of the morphant embryos (Fig. 3H). In
contrast to the gain-of-function embryos, which exhibited rando-
mized Pitx2c expression in the left lateral plate mesoderm,
Claudin-10 morphants exhibited right-sided Pitx2c expression
(n¼2/13) and bilateral Pitx2c expression (n¼1/13) (Fig. 3K), sug-
gesting that blocking Claudin-10 expression permits expression of
Pitx2c on the right side. Interestingly, neither Nodal nor Lefty2
were expressed on the right side in Claudin-10 morphants. These
data are summarized in Table 2.
These data place Claudin-10 functionally downstream of the
events that generate asymmetric expression of Shh and Fgf8 at
Hensen’s node and Nodal in the perinodal region, and upstream of
evolutionarily-conserved asymmetric gene expression in the mid-
line and lateral plate mesoderm. Furthermore, they support a role
for Claudin-10 during the transfer of laterality cues between
Hensen’s node and the lateral plate mesoderm.
Residues in the ﬁrst extracellular loop and cytoplasmic tail are critical
for Claudin-10 function in left–right patterning
In vitro studies have been instrumental in deﬁning claudin
functional domains. Charged residues in the claudin ﬁrst extra-
cellular loop are important for determining the charge and size
selectivity of the tight junction. Phosphorylation of residues in the
cytoplasmic C-terminal tail is known to be important for claudin
polymerization and stability, and can also inﬂuence the paracel-
lular barrier properties of tight junctions (Raleigh et al., 2011; Van
Itallie et al., 2012). The C-terminus also contains a PDZ-binding
domain that is required for interactions with cytoplasmic adaptor
proteins. Given the importance of these domains, we performed
site-directed mutagenesis analysis of speciﬁc amino acid residues
in the ﬁrst extracellular loop and C-terminal cytoplasmic domain
of Claudin-10 to determine if they were required for its left–right
patterning activity (Fig. 4A).
The ﬁrst extracellular loop of Claudin-10 contains seven
charged residues that inﬂuence permeability of ions through the
paracellular space. We used site-directed mutagenesis to mutate
aspartic acid (D) residues D36, D56, D65, and D73 to positively
charged lysines (K) to assess the contribution of paracellular
permeability to the function of Claudin-10 in left–right patterning.
We ﬁrst characterized the effect of these mutations on Claudin-10
function in cell culture. All variants localized correctly to the tight
junction in transiently transfected MDCK II cells (Fig. 4B). To
determine if these mutations altered tight junction barrier proper-
ties, two standard assays to detect changes in paracellular perme-
ability were performed: measurement of transepithelial resistance
(TER) was used to assess changes in ion selectivity, and ﬂux of a
ﬂuorescently-labelled dextran tracer through the paracellular
space was used to assess changes in size permeability (reviewed
in Tang and Goodenough, 2003). TER was measured in MDCK II
monolayers transfected with wildtype Claudin-10 or the Claudin-
10 variants (Fig. 4C). Transfection of wildtype Claudin-10 increased
the TER 1.3-fold compared to the mock-transfected cells, suggest-
ing an increase in barrier property. The D36K, D56K, D65K, and
D73K charge-reversal mutations in the ﬁrst extracellular loop
lowered the TER to levels that were similar to mock transfected
Table 1
Effect of Claudin-10 gain-of-function on asymmetric gene expression.
Gene RCAS-GFP RCAS-Claudin-10
Left Right Left Right Bilateral Absent
Nodal 100% 60.0% 40.0.%
(n¼10/10) (n¼6/10) (n¼4/10)
Lefty1 100% 70.0% 30.0%
(n¼8/8) (n¼7/10) (n¼3/10)
Lefty2 100% 57.1% 42.9%
(n¼9/9) (n¼4/7) (n¼3/7)
Pitx2c 100% 83.3% 8.3% (n¼3/36) 5.6% 2.8%
(n¼17/17) (n¼30/36) (n¼2/36) (n¼1/36)
Snail1 100% 100%
(n¼10/10) (n¼10/10)
M.M. Collins et al. / Developmental Biology 401 (2015) 236–248 241
MDCK II cells. Cells transfected with the D36K, D56K, D65K, and
D73K Claudin-10 variants showed an increase in ﬂux of the 4 kDa
ﬂuorescent dextran compared to cells transfected with wildtype
Claudin-10 (Fig. 4D), but no changes in permeability to a 40 kDa
dextran were observed (data not shown).
We then tested the ability of these Claudin-10 variants to affect
heart tube looping in a gain-of-function approach by misexpressing
retroviral particles on the left side of Hensen’s node at HH4 (Fig. 4E).
Misexpression of the charge-reversal D36K, D56K, and D65K variants
randomized the direction of heart-tube looping similarly to wild
type Claudin-10 (Fig. 4E). In contrast, the D73K mutant abrogated
Claudin-10’s ability to alter the direction of heart tube looping when
misexpressed on the left-side of Hensen’s node (15.4%, n¼6/39,
χ2¼0.72, p¼0.4 compared to control GFP injection). These data
suggest that D73 is important for Claudin-10 function in left–right
patterning, while D36, D56 and D65 are not essential.
Table 2
Effect Claudin-10 loss-of-function on asymmetric gene expression.
Gene Mismatch MO Claudin-10 MO
Left Right Reduced Left Right Bilateral Absent Reduced
Nodal 100% 71.4% 28.6%
(n¼10/10) (n¼10/14) (n¼4/14)
Lefty1 100% 40.0% 60.0%
(n¼7/7) (n¼4/10) (n¼6/10)
Lefty2 100% 44.4% 55.6%
(n¼7/7) (n¼4/9) (n¼5/9)
Pitx2c 100% 76.9% 15.4% (n¼2/13) 7.8%
(n¼14/14) (n¼10/13) (n¼1/13)
Snail1 93.3% 6.7% 51.6% 16.1% (n¼5/31) 6.5% (n¼2/31) 25.8% (n¼8/31)
(n¼14/15) (n¼1/15) (n¼16/31)
Fig. 4. D73, S218, and the PDZ-binding domain are critical for Claudin-10 function. (A) Schematic of Claudin-10 indicating the residues that were mutated to evaluate functional
domains. Positively charged (yellow) and negatively charged (red) residues in the ﬁrst extracellular loop, predicted sites for phosphorylation in the C-terminal tail (blue) and
the PDZ binding domain (green) are shown. (B) Claudin-10 variants (green) colocalized with the tight junction adaptor protein ZO-1 (red) at the cell membrane in transiently
transfected MDCK II cells. (C) Transepithelial electrical resistance values of MDCK II cells transiently transfected with Claudin-10 variants. Values are normalized to cells
transfected with wildtype (WT) Claudin-10. (D) Flux of 4 kDa dextrans in MDCK II cells transiently transfected with Claudin-10 variants. Fluorescent intensities were
normalized to wildtype (WT) transfection. (E) Gain-of-function experiments were performed on either the left or right side of Hensen's node as indicated for each Claudin-10
variant construct. Scores for abnormal leftward heart looping are shown. ns¼non-signiﬁcant as compared to GFP control score on same side; npo0.05, nnpo0.005,
nnnpo0.0001 all compared to GFP control score on the same side.
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We next created Claudin-10 variants with alterations in the
cytoplasmic C-terminal tail, which contains phosphorylation sites
and a PDZ-binding domain that mediates claudin interactions with
adaptor proteins at the tight junction cytoplasmic plaque. Phos-
phorylation of residues in the C-terminal tail of claudins can
inﬂuence the recruitment of claudins to the tight junction,
stabilize interactions with scaffolding proteins, and change para-
cellular permeability properties (reviewed in Angelow et al., 2008;
Hou et al., 2013). Using NetPhos 2.0 software (Blom et al., 1999)
four putative phosphorylation sites were identiﬁed in the C-
terminal tail of Claudin-10: S189, S201, S212, and S218. These sites
were mutated to phosphorylation-null alanine (A) residues. To
abolish the PDZ-binding domain, which is deﬁned by the two
terminal amino acids of the C-terminal tail (YV), a stop codon was
inserted immediately prior to YV to generate the Claudin-10ΔPDZ
variant. The phosphorylation-null variants (S189A, S201A, S212A,
and S218A) and theΔPDZ variant all localized to the tight junction
in transfected MDCK II cells (Fig. 4B and data not shown). The
S189A, S218A and ΔPDZ Claudin-10 variants increased the transe-
pithelial resistance and decreased dextran ﬂux of transfected
MDCK II cells similarly to the effects of wildtype Claudin-10
(Fig. 4C and D and data not shown). In contrast, MDCK cells
transfected with the S212A variant behaved similarly to mock
transfected cells, suggesting that phosphorylation of S212 may
inﬂuence paracellular permeability.
Next these variants were tested for their effect on Claudin-10
function with respect to left–right patterning. The S189A, S201A
and S212A variants behaved similarly to wildtype Claudin-10
when they were misexpressed on the left side of Hensen’s node
at HH4: all increased the incidence of leftward looping of the heart
tube (Fig. 4E). In contrast, misexpression of S218A or the ΔPDZ
variant on the left side of Hensen’s node did not increase the
incidence of leftward heart tube looping above background
(Fig. 4E). Thus, although S218 and the PDZ binding domain are
not required for Claudin-10’s paracellular barrier properties, they
are essential for Claudin-10’s function in the context of left–right
patterning.
We then overexpressed the three variants that were unable to
randomize heart looping in gain-of-function studies (D73K, S218A
and ΔPDZ) on the right side of Hensen’s node, where Claudin-10 is
endogenously expressed. The D73K variant caused a small but
insigniﬁcant increase in the incidence of leftward heart tube loop-
ing. In contrast, both S218A and ΔPDZ variants caused a signiﬁcant
increase in the incidence of leftward heart tube looping. Over-
expression of the S218A variant on the right side of the embryo
resulted in 27.5% abnormal leftward heart looping (n¼11/40,
χ2¼3.76, po0.05) in contrast to wildtype Claudin-10, which had
no effect (15.2%, n¼10/66). Similarly, overexpression of ΔPDZ on
the right side of Hensen’s node resulted in a 30% (n¼9/30, χ2¼8.47,
po0.005) incidence of leftward heart tube looping (Fig. 4E). Finally
we examined the expression of Nodal and Snail1 in these embryos.
Expression of Nodalwas absent from the left lateral plate mesoderm
in 22% (n¼4/18) ofΔPDZ-injected embryos and in 25% (n¼4/16) of
S218A-injected embryos (Table 3). Snail1 expression was disrupted
in 62.5% of embryos injected with ΔPDZ (n¼5/8) and in 50% of
embryos injected with S218A (n¼4/8) (Table 3). Thus, the right-
sided misexpression of the S218A or ΔPDZ variants had a similar
effect on Nodal and Snail1 expression to that observed in Claudin-10
morphant embryos (Fig. 4A and B, Tables 1, 2), suggesting that these
variants interfere with the function of endogenous wild-type
Claudin-10.
Claudin-10 knockdown does not alter gross cell morphology at
Hensen’s node
Given the phenotypes observed using the Claudin-10 S218A
and ΔPDZ variants, which are predicted to interact with the actin
cytoskeleton and additional components at the cytoplasmic pla-
que, we tested whether cell morphology was disrupted at Hen-
sen’s node. To assess this, HH3-4 embryos were electroporated
with Claudin-10 MO or mismatch control MO and collected after
4 and 8 h. Cell shape and organization of actin ﬁlaments was
evaluated by phalloidin staining and cell polarity was determined
by Par-3 staining. No difference in cell shape or apical polarity was
observed between control and Claudin-10 morphants at either
time point (Supplemental Fig. 3).
Discussion
We previously determined that Claudin-10, an integral compo-
nent of the tight junction, is asymmetrically expressed at Hensen’s
node (Collins et al., 2013). In this paper, we extended the temporal
and spatial expression analysis and found that Claudin-10 localizes
to tight junctions on the lateral surface of the right side of
Hensen’s node and in endodermal cells underlying Hensen’s node.
Claudin-10 expression must remain asymmetric for normal right-
ward heart looping: bilateral expression or knockdown of endo-
genous expression resulted in an increased incidence of abnormal
leftward heart tube looping and disrupted expression of Lefty1 in
the midline, and Nodal, Lefty2, Pitx2c, and Snail1 in the lateral plate
mesoderm. We examined functional domains of Claudin-10 and
identiﬁed that the ﬁrst extracellular loop and the intracellular tail
contain critical residues required for patterning the left–right axis.
This study identiﬁes a role for Claudin-10 at Hensen’s node and
suggests a novel function for tight junctions during the phase of
left–right patterning when laterality cues are relayed from Hen-
sen’s node to the lateral plate mesoderm (Fig. 5).
Claudin-10 functions during transmission of laterality signals from
Hensen’s node to the lateral plate mesoderm
Patterning of the left–right axis can be broken down into
distinct phases: symmetry-breaking events at the LRO that initiate
the cascade, transmission of left–right information from the LRO to
the lateral plate mesoderm, maintenance of left and right identity
in the lateral plate mesoderm, and translation of this positional
information to organ primordia. We have shown that Claudin-10
expression is restricted to the right side of Hensen’s node between
HH4 and HH7, which coincides with the establishment of
Table 3
S218A and ΔPDZ overexpression on the right affects asymmetric gene expression.
Gene RCAS-ΔPDZ RCAS-S218A
Left Right Bilateral Absent Reduced Left Right Absent Reduced
Nodal 77.7% 22.2% 75% 25%
(n¼14/18) (n¼4/18) (n¼12/16) (n¼4/16)
Snail1 37.5% 12.5% 12.5% 37.5% 50.0% 25.0% 25.0%
(n¼3/8) (n¼1/8) (n¼1/8) (n¼3/8) (n¼4/8) (n¼2/8) (n¼2/8)
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asymmetry at Hensen’s node and the period when left–right
identity is transmitted to the lateral plate mesoderm. Retroviral
misexpression of Claudin-10 on the left side randomized the
direction of heart tube looping when the manipulation was
performed at HH4 but not when the injections were performed
at HH6. We generally observe a 4–6 h lag between retroviral
particle injection and detection of retroviral mRNA. Incorporating
this inherent delay in retroviral gene expression would mean that
retroviral injection at HH4 would result in Claudin-10 expression
at HH6, while embryos injected at HH6 would not express
Claudin-10 bilaterally until late HH7. Thus, our gain-of-function
data predict that Claudin-10 function is required between HH6
and HH7, which corresponds to the phase of left–right patterning
when left versus right identity is propagated from Hensen’s node
to the lateral plate mesoderm. The ability of Claudin-10 morpho-
linos to increase the incidence of heart tube looping when they are
introduced at HH6 provides further evidence that Claudin-10 is
required during the period that information is transferred from
Hensen’s node to the lateral plate mesoderm. Finally, the fact that
manipulating Claudin-10 expression did not affect left-sided Shh
and right-sided Fgf8 expression at Hensen’s node, while asym-
metric gene expression in the lateral plate mesoderm is altered in
both the gain- and loss-of-function manipulations, temporally
positions Claudin-10 function during the developmental window
when left–right identity is being relayed from Hensen’s node to
the lateral plate mesoderm.
Claudin-10 is required for asymmetric gene expression in both left
and right lateral plate mesoderm
Based on the spatially restricted domain in which Claudin-10 is
expressed and its temporal requirement during left–right pattern-
ing, we hypothesize that Claudin-10 functions to transmit a signal
that promotes right and/or inhibits left identity. Following this
hypothesis, one would predict that knock-down of Claudin-10
expression would prevent expression of “right-identity” genes in
the right lateral plate mesoderm and that ectopic expression of
Claudin-10 on the left side would inhibit the expression of “left-
identity” genes and/or induce the expression of “right-identity”
genes in the left lateral plate mesoderm. Indeed, misexpression of
Claudin-10 on the left side of Hensen’s node blocked the left-sided
expression of Lefty1 in the midline and Nodal and Lefty2 in the left
lateral plate mesoderm in approximately one-third of injected
embryos. Pitx2c expression in the left lateral plate mesoderm was
affected in half the number of embryos that had absent Nodal
expression, suggesting that Pitx2c expression is randomized
Fig. 5. Models for Claudin-10 function at Hensen's node. Model 1 outlines the contribution of Claudin-10 to the differential ﬂux of calcium ions. Schematic of a transverse
section through Hensen's node. Pink bars represent Claudin-10 positive tight junctions in the ectoderm and endoderm on the right side. Green stars represent extracellular
calcium ions in the embryonic space. We propose a model where the presence of Claudin-10 in the endoderm on the right side prevents the accumulation of calcium ions
that is required for downstream asymmetric gene expression. Model 2 outlines the hypothesis that Claudin-10 may differentially affect protein complex formation at the
tight junction plaque to elicit altered cell behaviours between the left and right sides of the embryo.
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downstream of absent Nodal signalling. Ectopic expression of
Claudin-10 on the left did not induce Snail1 expression in the left
lateral plate mesoderm. However, morpholino knockdown of
endogenous Claudin-10 led to reduced or absent Snail1 expression
in the right lateral plate mesoderm. Combined, these data support
the hypothesis that Claudin-10 function is required on the right
side of the embryo to promote right identity and inhibit left-sided
gene expression.
However, other aspects of our expression analysis suggest that
Claudin-10 is not simply a straightforward promoter of right
identity and inhibitor of left identity. First, a proportion of
Claudin-10 morphant embryos expressed Snail1 bilaterally, rather
than predicted absence or reduction. Second, there was the
surprising observation that Claudin-10 knockdown led to loss of
asymmetric gene expression on the left side of the embryo, very
similar to what is observed when perinodal Nodal expression is
removed (Brennan et al., 2002). Finally, the Claudin-10 morphants
exhibited right-sided expression of Pitx2c, in addition to the
predicted bilateral expression. We interpret this to mean that
the absence of Claudin-10 at Hensen’s node makes the right lateral
plate mesoderm permissive to express genes that are normally
expressed in the left lateral plate mesoderm. However, the absence
of right-sided Nodal expression in manipulated embryos suggests
that manipulating Claudin-10 expression disconnects the Nodal-
Pitx2c signalling cassette. It is difﬁcult to assess how frequently
the manipulation of left–right patterning genes disconnects the
Nodal-Pitx2c signalling cassette since most studies only report
effects on the expression of one component. Our data suggest that
right-sided expression of Claudin-10 is also required to promote
normal asymmetric expression on the left side of the embryo
downstream of perinodal Nodal signalling. To the best of our
knowledge, Claudin-10 is the only asymmetrically expressed
protein that has the potential to regulate both left and right
identity. It is clear that our understanding of the molecular
mechanisms that relay left–right information from LRO to the
lateral plate mesoderm is far from complete.
Mechanisms of Claudin-10 function in asymmetric morphogenesis
Junctional communication between cells within epithelial
layers is important for relaying patterning cues that direct mor-
phogenesis. Claudins are essential for tight junction formation and
the speciﬁc combination of claudin family members in a cell
directly affect its paracellular barrier properties. In addition, the
cytoplasmic tail, which is the most unique region of each family
member, participates in protein interactions at the tight junction
cytoplasmic plaque at the apical cell surface. These interactions
connect the tight junction to the actin cytoskeleton and are
predicted to have critical roles in morphogenesis. As described
above, asymmetric expression of Claudin-10 on the right side of
Hensen’s node is essential for asymmetric gene expression in the
lateral plate mesoderm and normal rightward looping of the heart
tube. Previously we showed that overexpression of Claudin-1 on
the right side of Hensen’s node randomizes the direction of heart
tube looping (Simard et al., 2006). The effect of Claudin-1 over-
expression is most likely due its competition with endogenous
Claudin-10 for integration into the tight junctions on the right side
of Hensen’s node. Claudin-1 is known to generate anion selective
tight junctions that act as cation barriers, while tight junctions
containing Claudin-10 are predicted to be cation permissive (Van
Itallie et al., 2006). Thus, altering the composition of claudins
within the tight junction by substituting Claudin-1 for Claudin-10
is likely to change the paracellular permeability properties at
Hensen’s node.
However, maintaining the ionic barrier properties of the tight
junction is unlikely to be the only role for claudins in left–right
patterning. Similarly to Claudin-1, Claudin-3 generates tight junc-
tions that are anion selective and cation barriers (Milatz et al.,
2010). Yet, unlike Claudin-1, overexpression of Claudin-3 on the
right side of Hensen’s node does not affect left–right patterning
(Simard et al., 2006). Thus, it is also possible that Claudin-1
antagonizes Claudin-10 function by competing for interactions
within the tight junction cytoplasmic plaque that affect recruit-
ment of intracellular proteins and/or interactions with the actin
cytoskeleton. Our data showing that Claudin-10 variants that
abrogate either paracellular barrier properties or interactions
between its C-terminal tail and the cytoplasmic plaque suggest
that both of these functional domains are required for Claudin-10
function in left–right patterning. These mechanisms are discussed
in more detail below.
Left–right patterning activity of Claudin-10’s ﬁrst extracellular loop:
modulation of Ca2þ signalling at Hensen’s node
The best understood function of claudins is their role in
regulating paracellular permeability at tight junctions (reviewed
in Angelow et al., 2008; Hou et al., 2013). Charged residues within
the ﬁrst extracellular loop determine the speciﬁc permeability
properties that the claudin molecule imparts to the tight junction.
We tested the importance of negatively-charged residues in
Claudin-10’s ﬁrst extracellular loop. Individual conversion of each
of the four aspartic acid residues in the ﬁrst extracellular loop to
lysine should have the same effect on the net charge of this
domain. Indeed, all four single amino acid mutations eliminated
Claudin-10’s ability to increase TER and reduce dextran ﬂux in
transfected cells. Yet, only the D73K mutation abrogated the ability
of Claudin-10 to induce leftward heart tube looping when mis-
expressed on the left side of the embryo. Thus, the D73K mutation
may not solely result in a change in the net negative charge of the
ﬁrst extracellular loop, but additionally, may also be important for
the trans-interactions with claudins in adjacent cells.
Comparative sequence analysis of chick Claudin-10 showed
that it is most closely related to human and mouse Claudin-10
isoform b (Supplemental Fig. 4), which have a net negative charge
in their ﬁrst extracellular loop that increases permeability to
divalent cations (Van Itallie et al., 2006). Chick Claudin-10 has
the same net negative charge in its ﬁrst extracellular loop,
suggesting that Claudin-10 containing tight junctions will also
have increased permeability to cations. This property is particu-
larly relevant given the evolutionarily-conserved role of calcium in
left–right patterning. In the chick, calcium pools appear bilaterally
and then become enriched on the left side of Hensen’s node at
gastrulation. Both extracellular and intracellular calcium enrich-
ment on the left side of Hensen’s node have been shown to be
required for correct left–right patterning (Raya et al., 2004; Garic-
Stankovic et al., 2008). Tight junctions between cells of Hensen’s
node may play a role in maintaining these extracellular pools.
Since chick Claudin-10 is predicted to form a cation pore, its
expression on the right side would permit calcium ions to pass
freely between cells thereby inhibiting an enrichment of calcium
ions. Tight junctions on the left side, which lack Claudin-10, would
be predicted to provide a cation barrier and consequently promote
an accumulation of extracellular calcium on the left. Thus, asym-
metric expression of Claudin-10 may have a signiﬁcant role in
generating the differential calcium gradient between the left and
right sides of the embryo.
The effects on gene expression observed following manipula-
tion of Claudin-10 expression ﬁt this model. Misexpression of
Claudin-10 on the left side should make the left side leakier to
calcium and consequently prevent a left-sided calcium ﬂux and
the induction of asymmetric gene expression in the left lateral
plate mesoderm. Knockdown of Claudin-10 on the right side
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should make the right side tighter with respect to calcium move-
ment through the paracellular space and consequently prevent
formation of a differential calcium gradient between the left and
right sides. Ultimately this would prevent a left-sided calcium
enrichment and also block subsequent asymmetric expression of
genes in the left lateral plate mesoderm. Additional experiments
that assay the speciﬁc effects on calcium ion permeability are
needed to conﬁrm this hypothesis.
The Claudin-10 cytoplasmic tail is a critical functional domain for
left–right identity
Claudin family members exhibit the greatest sequence diversity
within their C-terminal tails, which interact with cytoplasmic
scaffolding and adaptor proteins to form a signalling platform
referred to as the tight junction cytoplasmic plaque. These inter-
actions also link the tight junction to the actin cytoskeleton
(Hartsock and Nelson, 2008). Claudin C-terminal tails are also
subject to post-translational modiﬁcations, including phosphory-
lation (Findley and Koval, 2009). Thus, individual claudin family
members are likely to participate in distinct multi-protein com-
plexes at the cytoplasmic plaque, where these interactions have
the potential to be regulated via post-translational modiﬁcations.
We have identiﬁed two important domains within the tail of
Claudin-10 that are involved in its function in left–right pattern-
ing: S218 and the PDZ-binding domain residues YV at positions
227–228. In our gain-of-function experiments these mutants are
unable to randomize the direction of heart tube looping when
misexpressed on the left side of Hensen’s node, suggesting that
they are required for the effects on heart tube looping observed
following overexpression of wild type Claudin-10. Also, overex-
pression of both the ΔPDZ and S218A variants on the right side
disrupted Nodal and Snail1 expression similarly to the loss-of-
function manipulation. Neither of these variants changed Claudin-
10’s effect on TER and dextran ﬂux suggesting that they do not
impact Claudin-10’s paracellular barrier properties. We hypothe-
size that these variants act as competitive inhibitors, such that
they are able to compete for position within the tight junction
network but unable to interact with proteins at the cytoplasmic
plaque required to elicit the speciﬁc patterning activities of
endogenous Claudin-10. The identiﬁcation of protein interaction
partners and examination of their speciﬁcity for individual claudin
family members will be necessary to fully understand the effects
of these variants.
Scaffolding proteins such as ZOs, PATJ, PALS1, and MUPP1, contain
multiple PDZ repeats and are recruited to the tight junction via the
PDZ-binding domain in the claudin C-terminal tails. Additionally, the
stability of these interactions is affected by the phosphorylation status
of residues within claudin tails. Phosphorylation of claudin tails has
also been shown to be important for recruitment and localization of
claudins to the tight junction, as well as enhancement or attenuation
of barrier function. Although four phosphorylation sites were pre-
dicted in the Claudin-10 tail, only S218 proved to be an important for
the role of Claudin-10 in left–right patterning. This residue is the
closest predicted phosphorylation site to the PDZ-binding domain.
Given the proximity to this interaction domain, differential phosphor-
ylation of S218 residue may be important in modulating interactions
between Claudin-10 and scaffolding proteins. Our analysis revealed
that neither actin organization nor cell polarity at Hensen’s node was
affected in Claudin-10 morphant embryos, however, this does not
eliminate the possibility that additional cytoplasmic plaque compo-
nents may be aberrantly recruited to the tight junction, or that these
residues may be important for the modulation of extracellular barrier
properties. Thus, our data support the hypothesis that Claudin-10may
differentially affect protein complex formation at the tight junction
cytoplasmic plaque that ultimately contributes to left–right
differences in cell adhesion that may be required for the relay of
information between Hensen’s node and the lateral plate mesoderm.
Indeed, this model is nicely supported by data from Xenopus in which
overexpression of the claudin Xcla disrupted blastomere adhesion in
animal cap assays, and overexpression in the embryo leads to
randomized organ situs and Nodal expression (Brizuela et al., 2001).
Summary
In summary, our data demonstrate a unique and novel role for
Claudin-10 in transmitting laterality information between Hen-
sen’s node and the lateral plate mesoderm. It is tempting to
speculate that Claudin-10 is critical for generating a differential
calcium signalling gradient between the left and right sides of the
embryo that parallels the outcome of nodal ﬂow in vertebrates
where motile cilia are essential for left–right patterning. It is also
interesting to consider the possibility that the cells expressing
Claudin-10 on the lateral surface of the node have a function that
is similar to the role described for the mouse endoderm in relaying
left–right patterning cues from the LRO. Both of these cell
populations are comparable with respect to their exposure to
extracellular signals and connection to the LRO. In addition,
Claudin-10 may asymmetrically regulate cell behaviours through
its interactions with adaptor proteins and the actin cytoskeleton at
the tight junction cytoplasmic plaque. Further studies are needed
to deﬁne if Claudin-10’s function is evolutionarily conserved and/
or identify parallel molecular mechanisms in other species.
Materials and methods
Embryo collection and whole-mount in situ hybridization
Fertilized eggs (Couvoir Simentin, Mirabel, Quebec) were incu-
bated at 39 1C until the correct stages were reached. Embryos
were staged according to Hamburger and Hamilton staging
criteria (Hamburger and Hamilton, 1951). Dissected embryos were
collected in DEPC-PBS and ﬁxed overnight in 4% paraformaldehyde
in PBS. Whole-mount in situ hybridization was performed as
previously described (Collins and Ryan, 2011). Full-length
Claudin-10 cDNA (Accession XM_001232226.2) was cloned from
HH4 mRNA using the OneStep RT-PCR kit (QIAGEN) into the pSC-A
plasmid using the StrataClone™ PCR Cloning kit (Stratagene) and
sequenced to conﬁrm correct sequence and orientation. DIG-
labelled riboprobes against Claudin-10 were generated by lineariz-
ing the pSC-Claudin-10 vector with BamHI and transcribed using
T3 polymerase. Shh, Fgf8, Nodal, Lefty, Pitx2c, and Snail probes were
synthesized as previously described (Simard et al., 2006).
Protein expression
Embryos were ﬁxed in 10% trichloroacetic acid for 30 min on
ice and rinsed in PBS. Tissue was cryoprotected in sucrose and
embedded in Tissue Tek OCT compound. Blocks were sectioned at
10 mm and collected on Fisherbrand Superfrost Plus microscope
slides. For immunohistochemistry on sections, rabbit anti-Claudin-
10 (Invitrogen) and mouse anti-ZO-1 (Invitrogen) were used at
1:100 dilution, and detected using Alexa Fluor 488 conjugated
goat anti-rabbit IgG or Alexa Fluor 594 conjugated goat anti-
mouse IgG (Invitrogen) at 1:500 dilution. Mouse anti-Par-3 (Milli-
pore) was used at 1:250 and detected by Alexa Fluor 594
conjugated goat anti-mouse IgG (Invitrogen) at 1:500 dilution.
Phalloidin (Invitrogen) staining was performed in a 1:50 dilution.
Slides were coverslipped with SlowFades Light Antifade kit
(Invitrogen). For whole-mount immunohistochemistry, embryos
were incubated in 1:50 dilution of primary antibodies and a 1:250
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dilution of secondary antibodies. Embryos and sections were
imaged on a Zeiss laser scanning microscope LSM 780.
Protein was extracted from whole HH12 embryos electroporated
with Claudin-10 or mismatch control morpholino. Total protein
extract was separated by SDS-PAGE and transferred to a nitrocellulose
membrane. Membranes were incubated with rabbit anti-Claudin-10
or anti-Claudin-1 antibodies (Invitrogen) at 1:500. Detection was
performed using the ECLWestern Blot Detection System (Amersham).
Claudin-10 knockdown
Morpholino antisense oligonucleotides (MOs) were designed
by Gene Tools (Philomath, OR) against the translation start site of
Claudin-10 and tagged with ﬂuorescein. Control experiments were
performed using a 5 base pair mismatch MO. Sequences for MOs
are shown in the 50–30 directions with the start site underlined,
mismatch nucleotides are shown in lower case, and the corre-
sponding nucleotide positions indicated.
Claudin-10 MO: GATCTCCGCCGACGTGCTCGCCATC; nucleotides
1 to þ24.
Claudin-10 5 bp Mismatch MO: GATCTgCcCCGACcTGgTCcCCATC;
nucleotides 1 to þ24.
Morpholinos were stored at room temperature at 3 mM and
diluted to 1 mM in sterile water, 0.6 mM sucrose, and with 0.1 mg/ml
empty vector DNA (pBKS) as previously described (Voiculescu
et al., 2008). For manipulations, embryos were collected at
HH3-4 on ﬁlter paper supports and cultured ex ovo on agar
albumin plates as previously described (Chapman et al., 2001;
Collins and Ryan, 2011). Following MO injection at Hensen’s node,
embryos on the ﬁlter paper support were moved to an electro-
poration chamber with Tyrode’s solution above and below the
embryo, and electroporated using a CUY21SC Square Wave elec-
troporator (Protech International, Boerne, Texas) under the follow-
ing conditions: 2 pulses of 3 V, 50 ms pulse length at 1 s intervals.
Once electroporated, embryos were moved back to the agar
albumin plate, cultured in a humidiﬁed incubator at 39 1C for
24–36 h, and scored for the direction of heart tube looping.
Retroviral overexpression of Claudin-10
Full-length Claudin-10 sequence was subcloned from pSC-A
Claudin-10 into Slax and subsequently, the RCAS (B) plasmid. Retro-
viral particles were generated as previously described (Collins and
Ryan, 2011). Brieﬂy, RCAS-Claudin-10 was transfected into chick DF1
cells using Lipofectamine 2000 (Invitrogen). Transfected cells were
expanded in culture to conﬂuency. To collect viral particles, media
was changed to 2% FBS in DMEM without antibiotics. Media was
collected after 24 h for three days, ﬁltered through a 0.45 mm sterile
cellulose acetate ﬁlter and centrifuged at 4 1C for 3 h at 22,000 rpm
in SW28 swinging bucket rotor without the brake. Viral pellets were
resuspended in a minimum volume of DMEM, aliquoted and stored
at 80 1C. Embryos were collected on ﬁlter paper supports and
cultured ex ovo on agar albumin plates (Chapman et al., 2001; Collins
and Ryan, 2011). Viral particles were injected on either the right or
left side of Hensen’s node using a Narishige IM 300 microinjector.
Manipulated embryos were cultured for 24–36 h and scored for the
direction of heart tube looping.
Generation of Claudin-10 mutant constructs
Predicted phosphorylation sites in the C-terminal tail of Claudin-
10 were identiﬁed using NetPhos 2.0 (Blom et al., 1999) and mutated
to phosphorylation-null alanine residues at positions S189, S201, S212,
and S218. The PDZ-binding domain was removed by inserting a
premature stop codon immediately upstream of the YV, the terminal
two amino acids. For extracellular loop mutants, positive and negative
residues were identiﬁed and compared with known important
residues for ion permeability already investigated in the mouse
(Van Itallie et al., 2006). Site-directed mutagenesis was performed
using the Stratagene QuikChange Site-Directed Mutagenesis kit
according to manufacturer’s directions. Clones were sequenced to
conﬁrm their identity. Mutant constructs were then cloned into the
RCAS (B) vector and retroviral particles were generated as described
above. Sequences of mutagenesis primers are shown below.
Cldn10mu-
tATG-50
gccgacccatatggcatc-
cacgtcggcggag
Cldn10mu-
tATG-30
ccgacccatatggcatccac-
gagcgccga-
gatcgtcgccttcctgc
Cldn10ΔY-
V-50
gacaagaacgcttgatcataagct-
tatcgatacc
Cldn10ΔY-
V-30
ggtatcgataagcttatgat-
caagcgttcttgtc
Cldn10-
S189A-50
cttctcgatagctgagaacag-
taaagagccaaggagagcgtatg-
catat
Cldn10-
S189A-30
atatgca-
tacgctctccttggctctt-
tactgttctcagctatcgagaag
Cldn10-
S201A-50
catataatggagccgcagctgt-
gatgtcgtctcgt
Cldn10-
S201A-30
acgagacgacatca-
cagctgcggctccattatatg
Cldn10-
S212A-50
ctcgtacaaagattca-
caacgctgtcccagacaaaacct-
cac
Cldn10-
S212A-30
gtgaggttttgtctggga-
cagcgttgtgaatctttgtacgag
Cldn10-
S218A-50
gtgtcccagacaaaaccgcac-
caaagcactttgac
Cldn10-
S218A-30
gtcaaagtgctttggtgcggtttt-
gtctgggacac
Cldn10-
D36K-50
gaaggtgtcttccatcaaggg-
cacggtcatcacca
Cldn10-
D36K-30
tggtgatgaccgtgcccttgatg-
gaagacaccttc
Cldn10-
D56K-50
gacctgcgtgaccaagtc-
caccggcgtct
Cldn10-
D56K-30
agacgccggtggacttggtcacg-
caggtc
Cldn10-
D65K-50
cgtctccaactgcaa-
gaagttcccgtccatgctgg
Cldn10-
D65K-30
ccagcatggacgggaacttcttg-
cagttggagacg
Cldn10-
D73K-50
gtccatgctggctctcaagggtta-
catccaagcct
Cldn10-
D73K-30
aggcttggatgtaacccttga-
gagccagcatggac
Measuring transepithelial electrical resistance and dextran ﬂux in
MDCK monolayers
MDCK II cells were seeded in 24-well plates with 6.5 mm
Transwell inserts with 0.4 mm pores (Corning). Cells were trans-
fected with pcDNA3.1 plasmids containing Claudin-10 variants
using Lipofectamine 2000 (Invitrogen) according to manufac-
turer’s instructions. After 24 h, transepithelial electrical resistance
(TER) was measured across conﬂuent monolayers using a EVOM2
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voltohmmeter with STX2 electrodes (World Precision Instru-
ments). Experimental manipulations were performed in triplicate
per plate and repeated in three independent transfections. TER
values were normalized to surface area of the insert. Monolayers
were subsequently incubated with 0.05 mg/ml of 4 kDa and
40 kDa ﬂuorescently-labelled dextrans (Sigma) in the upper cham-
ber for 3 h. Dextran ﬂux was measured by quantifying the amount
of ﬂuorescence detected in the lower chamber using a VICTOR X
Multilabel plate reader (Perkin-Elmer). Each well was measured in
triplicate and experiment was performed in at least three biolo-
gical replicates. Dextran ﬂux values were normalized to the mock
transfected cells.
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